e group-specific component (GC) gene, one of the vitamin D pathway genes, seems to play an important role in cancer development. A population-based breast cancer study including 818 cases and 935 controls in a Chinese population was carried out to evaluate the potential associations of four polymorphisms (rs16847024, rs17467825, rs2298850, and rs3755967) in the GC gene with risk of breast cancer. We detected three SNPs with statistically significant effects on breast cancer development after adjusting for age, menopausal status, body mass index (BMI), family history of breast cancer, income, waist circumference, and education (rs17467825: adjusted OR � 0.80, 95% CI � 0.65-0.99; rs2298850: adjusted OR � 0.80, 95% CI � 0.65-0.98; rs3755967: adjusted OR � 0.80, 95% CI � 0.65-0.98). Stratified analysis found that when an individual had a waist circumference <80 cm, rs17467825, rs2298850, and rs3755967 could markedly reduce the risk of breast cancer. Significant interactions between polymorphisms of rs2298850 and rs3755967 and waist circumference were also observed for breast cancer risk. Combined analysis revealed a significant association among the allele numbers of protective effects with decreased breast cancer risk (P trend � 0.043).
Introduction
Breast cancer is the common therioma in women around the world, with an estimation of 2.1 million new cases and 626,679 deaths [1] . Similar with other countries, breast cancer has become the most frequent carcinoma among the Chinese women. In China, patients with breast cancer make up 11.2% of newly diagnostic cases and 9.2% of breast cancer-related deaths worldwide [2] . As in most other diseases, besides behavioral factors and environmental exposures, genetic variations also make an essential contribution to breast cancer occurrence as well as risk prediction.
A growing number of epidemiological researches have reported that vitamin D could lower the breast cancer risk in humans [3] [4] [5] . Vitamin D, as a prohormone, can be changed in the liver into 25(OH)D which can be further hydroxylated to 1,25(OH) 2 D by 1α-hydroxylase in the kidney [6] . Vitamin D binding protein (DBP), a pivotal protein, is encoded by the group-specific component gene (GC gene), which is 42.5 kb long and located on chromosome 4 [7] . e functions of DBP are to bind 25(OH)D to prolong its half-life in circulation, as well as transport 25(OH)D to different sites to facilitate vitamin D physiological roles, such as cell proliferation, apoptosis, and differentiation [8] . DBP is highly polymorphic serum protein, characterized by three common alleles (GC1F, GC1S, and GC2) and more than 120 identified rare variants [9] . GC1F, GC1S, and GC2 from rs7041 and rs4588 combination differ in binding affinities with 25(OH)D and therefore result in alteration of serum 25(OH)D concentration [10] , which may correlate with risk of diseases, like diabetes, melanoma, and breast cancer [11] [12] [13] .
Previous studies on the GC gene polymorphism mainly focused on rs7041 and rs4588 and have demonstrated their associations with the risk of different cancers [14, 15] . Elkum [16] et al. revealed that homozygous variants of rs17467825, rs2298850, and rs3755967 were associated with lower levels of serum 25(OH)D among Arabs and South Asians, whereas decreased serum 25(OH)D levels have been shown to be tightly associated with increased risk of several malignant tumors [17, 18] . In addition, Pibiri et al. found that rs16847024 could affect individual susceptibility to colorectal cancer [19] . Currently, the associations between these genetic variants (rs16847024, rs17467825, rs2298850, and rs3755967) and breast cancer risk remain absent due to investigation; based on the previous findings, we reasonably hypothesized that they might contribute to breast carcinogenesis and thus explore the mutual relations among the Chinese women in this study.
Materials and Methods

Statement of Ethics.
e Ethics Committee of Jiangsu Provincial Center for Disease Control and Prevention approved this work. All study subjects were voluntary and have completed written informed consent.
Study Participants.
e subjects including 1,410 cases and 1,072 cancer-free controls were recruited between 2013 and 2014 in the largest Wuxi Maternal and Child Health Hospital. All breast cancer cases were newly diagnosed. e exclusion criteria were as follows: (1) a metastatic carcinoma from other sites, (2) a recent history of severe acute diseases, and (3) failed to complete questionnaires. As a result, 818 cases were included. Controls resided in the same areas and were frequency matched with cases by age (within 5 years old); a total of 935 controls were finally included in the present analysis. Standard questionnaires were used to interview each participant to acquire information about demographic data, family history of breast cancer, reproductive and menstrual history, and relevant factors. Several anthropometric measurements, such as height, weight, and waist circumference, were collected during interview stages. Each participant provided approximately 5 ml venous blood sample for subsequent laboratory measurements.
Genotyping.
Total DNA was isolated from the blood sample with the use of QIAamp DNA Blood Mini Kit (QIAGEN, Germany) and stored in a − 80°C refrigerator. e Sequenom MassARRAY Platform was applied to perform genotyping without knowing the status of subjects. Around 5% of samples were randomly selected for quality control and regenotyped by this platform, and the two results were consistent. Haploview 4.2 was used to examine the linkage disequilibrium of four SNPs. e detailed information of four SNPs in the GC gene is displayed in Table S1 .
Statistical Analysis.
Differences between cases and controls in the demographic characteristics and selected variables were tested using student's t-test (for continuous variables) or Welch's t-test (for the situations of unequalled variances) and χ2 test (for categorical variables). Logistic regression was applied to evaluate the associations between four SNPs in GC gene and risk of breast cancer. Odds ratios (ORs) and 95% confidence intervals (CIs) were presented with adjusting for age, menopausal status, body mass index (BMI), family history of breast cancer, income, waist circumference, and education. e effect heterogeneity between corresponding subgroups was measured by using the χ2-based Q-test. ree additive interaction measures [20] were calculated by the epiR packages: (1) RERI: relative excess risk due to interaction; (2) AP: attributable proportion due to interaction; and (3) S: synergy index. 95% CIs of RERI and AP across 0 as well as S across 1 indicate no additive interaction effect. e multiplicative interaction of gene environment was also analyzed using logistic regression by the function as described previously [21] :
in which y is the case or control logit status, g represents the SNP, e indicates the environment factor: waist circumference, b 0 is the constant, b 1 and b 2 are main effects for g and e, respectively, and b 3 is the multiplicative interaction term. P < 0.05 was as a significant level with two-sided among all statistical tests. Combined analysis was applicable to evaluate the cumulative effect of protective alleles from significant SNPs (rs17467825, rs2298850, and rs3755967). Statistical analyses were carried out using R software (version: 3.5.0).
Results
Demographic Characteristics of Cases and Controls.
e demographic characteristics of 818 cases and 935 controls are shown in Table 1 . In short, significant differences were not found in age, age at menarche, age at first live birth, and age at menopause. Compared with cancer-free controls, cases were not inclined to higher education levels and household incomes but were prone to a positive family history of breast cancer. Different distributions of body mass index (BMI) and menopausal status were also observed. Of all subjects, 604 (73.84%) cases and 549 (58.78%) controls were postmenopausal, and 465 (57.48%) cases and 449 (48.03%) appeared to be overweight or obese.
Associations between Four SNPs of GC Gene and Breast
Cancer Risk. Genotyping assays indicated that the controlgroup genotype frequencies of four SNPs were in Hardy-Weinberg equilibrium, and call rates of all individuals were above 95% for these four SNPs. e four SNPs genotypes among cases and controls as well as the correlations with risk of breast cancer are presented in Table 2 . We carried out linkage disequilibrium analysis of four SNPs and found except for rs16847024, other three SNPs with r 2 > 0.8 ( Figure S1 ). Compared with the AA genotype, logistic regression results showed that AG of rs17467825 was in association with a decreased breast cancer risk (OR � 0.77, 95% CI � 0.62-0.96). For rs2298850, individuals carrying GC genotype could lower the risk of breast cancer compared with the GG genotype (OR � 0.78, 95% CI � 0.63-0.97). Also, the CT genotype of rs3755967 could reduce risk of breast cancer with an OR of 0.77 (95% CI � 0.62-0.96). We also found three SNPs (rs17467825, rs2298850, and rs3755967) with significant association effects on breast cancer under a dominant model after adjusting for selected confounders (rs17467825: OR � 0.80, 95% CI � 0.65-0.99; rs2298850: OR � 0.80, 95% CI � 0.65-0.98; rs3755967: OR � 0.80, 95% CI � 0.65-0.98). However, we failed to find any association of rs16847024 genotypes with breast cancer risk.
Associations between Four SNPs and Breast Cancer Risk by
Stratified Analyses. Further subgroup analyses stratified by age, menopausal status, family history, and waist circumference were conducted, and results are shown in Table 3 . For rs17467825, rs2298850, and rs3755967, significant reduced risk of these three SNPs with breast cancer was observed among the subgroup of waist circumference <80 cm, the OR (95% CI) � 0.69 (0.51-0.93), OR (95% CI) � 0.66 (0.49-0.89), and OR (95% CI) � 0.67 (0.50-0.91), respectively. Significant heterogeneities were observed in the subgroup of waist circumference (P � 0.035 for rs17467825, 0.019 for rs2298850, and 0.023 for rs3755967, respectively). Among the subgroups of age, menopause, and family history, there were no statistically significant associations observed.
Interactions of rs17467825, rs2298850, and rs3755967
with Waist Circumference on Breast Cancer Risk. In effort to explore whether or not the identified mutations effects on risk of breast cancer could be modified by waist circumference, we evaluated the interactions of rs17467825, rs2298850, and rs3755967 genotypes and waist circumference. As shown in Table 4 , we examined multiplicative interactions between rs2298850 and rs3755967 genotypes and waist circumference on risk of breast cancer (P for multiplicative interaction � 0.031 and 0.039, respectively). However, no interaction was detected between rs17467825 and waist circumference on risk of breast cancer (P for multiplicative interaction � 0.057). For rs2298850, compared with the waist circumference ≥80 cm with the GG genotype, a significant decreased risk of breast cancer was observed for those with GC or CC genotypes with the waist circumference <80 cm, whereas a nonsignificant increased breast cancer risk was observed for those with the CC genotype with the waist circumference ≥80 cm. e additive interactions between waist circumferences and the SNPs (rs17467825, rs2298850, and rs3755967) were also examined. However, significant additive interactions were not measured between these three SNPs and waist circumferences (Table S2 ).
Combined Effects on Breast Cancer Risk. Previous results
were mainly focused on the investigation of the association of single SNP with breast cancer risk. Combined analysis was also performed to estimate accumulative effects of these polymorphisms. In Table 5 , we identified allele-dosage relation between allele numbers of the protective effect and risk of breast cancer (P trend � 0.043). Compared with subjects carrying "0" protective alleles, individuals with "1-2" alleles of protective effects could possess a nonsignificant 10% (OR � 0.90, 95% CI: 0.37-2.20, P � 0.816) reduced cancer risk, whereas "3-6" protective alleles could decrease a 19% (OR � 0.81, 95% CI: 0.66-0.99, P � 0.044) breast cancer risk.
Discussion
In this work, we estimated the correlations between four genetic variants in GC gene (rs16847024, rs17467825, rs2298850, and rs3755967) and risk of breast cancer in Chinese population and found that heterozygotes of rs17467825, rs2298850, and rs3755967 but not rs16847024
were in significant relation to the breast cancer risk. Also, in the dominant model, three SNPs (rs17467825, rs2298850, and rs3755967) were observed with an approximately 20% decreased breast cancer risk in our study population. Combined analysis also implied that subjects carrying more alleles of the protective effect could decrease the breast carcinogenesis risk. Epidemiological studies supported that 25(OH)D was related with breast cancer risk [13, 22] . e active vitamin D, 1,25(OH) 2 D, has an effect not only on cell proliferation and apoptosis but also on the estrogen signal pathway [23] . When the circulating 25(OH)D integrated to DBP, the complex, 25(OH)D-DBP, could be internalized in mammary cells by megalin-mediated endocytosis, and the complex internalization had a connection with activation of the vitamin D receptor pathway [24] . In addition, when the complex was internalized, 25(OH)D was released from DBP. In the mammary gland, low concentrations of 25(OH)D might weaken enzyme activity and production of 1,25(OH) 2 D, which regulated cell proliferation and apoptosis [25, 26] . Furthermore, one study has demonstrated that 25(OH)D concentrations played a role in growth inhibition of mammary cells [27] .
A breast cancer research in Shanghai showed that about 23% of women involved in study were vitamin D deficiency and 48.4% were vitamin D insufficiency [28] . One study conducted among Chinese pregnant women found that 8 SNPs, including rs17467825, rs2298850, and rs3755967, were in associations with concentrations of 25(OH)D [29] . A case-control study found that women with 25(OH) D < 20 ng/ml and calcium levels < 10.5 mg/dl had higher risk of developing breast cancer [17] . In addition, the biological active vitamin D, 1,25(OH) 2 D, could inhibit breast cancer cell growth by reducing synthesis of estrogen. Apart from transport function, DBP may also take part in the anticancer process through non-vitamin D-related functions, including roles in chemotaxis and macrophage activation [9] . DBP is thought as a molecule involved in activation macrophages, and it undergoes the deglycosylation process into DBP-macrophage activating factor (DBP-MAF) by glucosidases [30] . DBP-MAF may enhance proapoptotic enzymes activity to induce cell apoptosis via the JNK1/2 and p38 pathway, which may inhibit cancer development [31] .
In genome-wide association studies, GC rs2282679 was reported to correlate with serum 25(OH)D levels [32] . Furthermore, GC rs2282679 could reduce the cancer risk [33] . SNPs included in our study (rs17467825, rs2298850, and rs3755967) were in high linkage disequilibrium with rs2282679 (LD � 1.0, 0.9, and 1.0, respectively). Our results may support previous reports that GC polymorphism rs2282679 was associated with cancer risk. e rs17467825 polymorphism is 3′-UTR of the GC gene, rs2298850 and rs3755967 located in the intronic region of the GC gene. ough there are fewer researches on the functional effects of GC polymorphisms, potential functions may not exclude that these genetic variants may take part in regulating gene expression or influencing transcription sites to lead to amino acid modification [34, 35] , and this needs further studies to verify. e changes in the structure of GC proteins may alter biological functions involved in carcinogenesis.
A cohort including 28,965 postmenopausal women found that a larger waist circumference was connected to higher breast cancer risk, especially the risk was elevated 13% when the waist circumference increased by 10 cm [36] . We also observed interactive effects between rs2298850, rs3755967 genotypes, and waist circumference on breast cancer risk. ese findings suggested that rs2298850 and rs3755967 could modify the susceptibility of breast cancer induced by waist circumference. Gene environment interactions could partly interpret discrepancies in the association between GC gene polymorphisms and breast cancer across different studies. ese genetic variants may be worth reevaluating further in other larger studies.
It should be noted that there were several limitations in this study. First, we did not achieve the data about serum 25(OH)D concentration from the study population, so we could not evaluate the influence of 25(OH)D concentration on risk of breast cancer among our study population. Second, only the GC gene was evaluated, and we could not exclude the fact that other genetic variants of vitamin D pathway genes might also have impacts on risk of breast cancer. Finally, this study was carried out among Chinese women. e associations between breast cancer susceptibility and GC genetic polymorphisms in other ethnic populations require further investigation.
Conclusions
In summary, our study identified some genetic variants of the GC gene associated with risk of breast cancer in Chinese women. Furthermore, we, for the first time, found that there were potential significant interactions between GC gene polymorphisms and waist circumference in susceptibility to breast cancer, thus supporting the insight that genetic variants in conjunction with environmental factors are able to influence individual's cancer risk.
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